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Extraction of Free Energy Parameters from Dynamic Single-Molecule
Force-Extension Measurements
Dario Meluzzi, Arijit Maitra, Gaurav Arya.
UC San Diego, La Jolla, CA, USA.
Dynamic single molecule force spectroscopy (SMFS) provides a powerful ap-
proach for probing the free energy landscape that governs how molecules fold
into complex 3D architectures, bind to each other, and undergo conformational
transitions. In SMFS experiments, a gradually increasing force is applied to
a single molecule or complex and the resulting force-extension behavior is
recorded until rupture of the system. The analysis of force-extension measure-
ments to recover the intrinsic energy landscape of the system is an outstanding
challenge in SMFS. In this talk, I will describe the development of new theoret-
ical models for extracting the height and location of activation energy barriers
and their intrinsic transition rates from SMFS measurements [1, 2]. These
models improve on the current state-of-the-art by accounting for both the finite
stiffness of the pulling device and the non-linear stretching behavior of the mo-
lecular handles connecting the device to the system under study. I will end the
talk by reporting the results of steered molecular dynamics simulations in which
we successfully applied our theoretical models to extract the free energy param-
eters of representative ligand-receptor unbinding transitions.
863-Pos Board B649
Single Molecule Oxidative Folding
Pallav Kosuri, Ionel Popa, Jorge Alegre-Cebollada, Julio M. Fernandez.
Columbia University, New York, NY, USA.
More than a third of human proteins contain disulfide bonds, yet our understand-
ing of how these are formed in vivo has remained rudimentary. Formation of di-
sulfides takes place during oxidative folding and is catalyzed by the enzyme
Protein Disulfide Isomerase (PDI). We have developed a single molecule ap-
proach to study this process in real-time, using force-clamp AFM. We investi-
gated the oxidative folding of human titin domains, in the presence and absence
of oxidase enzymes such as human PDI. Our approach enables, for the first time,
independent kinetic measurements of folding and disulfide formation in individ-
ual proteins. Strikingly, we discovered a critical period for disulfide formation in
the titin I1 domain. After protein folding was completed, disulfide formation
could no longer be catalyzed by PDI. Thus, the competing kinetics of PDI-
mediated oxidation and protein folding determines the outcome of oxidative
folding. The involvement of glutathione in oxidative folding has long been un-
der speculation. We show that glutathionylation can retard the kinetics of pro-
tein folding by more than 10-fold, revealing a possible novel role of this
ubiquitous small molecule. In protein substrates with more than two cysteines,
our data show that correct pairing is achieved through substrate folding rather
than through the action of the oxidase enzyme. Therefore, the accuracy of cys-
teine pairing increases along the folding pathway of the substrate. These unprec-
edented observations shed new light on how disulfide formation relates to
protein folding in vivo. Taken together, we are able to construct a complete ki-
netic model of oxidative folding, incorporating experimentally measured rates
for the individual reaction steps. The technique presented here can be used to
elucidate the pathway of oxidative folding for a wide variety of proteins, and
can also be used to identify mechanisms that trigger misfolding and disease.
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Mechanical Properties of NRR Domain from Human Notch 1 Studied by
Single Molecule AFM Force Spectroscopy
Ashim Dey, Katarzyna Malek, Robert Szoszkiewicz.
Kansas State University, Manhattan, KS, USA.
For proteins in living cells forces are present from macroscopic to single mol-
ecule levels. Single molecule atomic force microscopy (AFM) in force-
extension (FX) and force-clamp (FC) modes has been successfully used to in-
vestigate mechanical properties of proteins held under force with ~ 10 pN force
sensitivity. FX-AFM measures forces at which proteins (and embedded within
them single bonds) undergo conformational transitions. FC-AFM studies yield
kinetics of these processes.
Here, we present the results of the FX-AFM experiments on a protein construct
comprising the NRR domain from human Notch 1. Notch is a transmembrane
cell signaling protein. It is believed that understanding its mechanical proper-
ties at the single molecule level will contribute to elucidating Notch’s role in
processes relevant to embryonic development, tissue homeostasis, and some
breast cancers. Our FX-AFM studies and further analysis (namely some max-
imum likelihood analysis) revealed several conformational transitions possibly
related to Notch signaling processes. These results opened a path for further in-
vestigations of Notch constructs at various physiologically relevant conditions.865-Pos Board B651
Force Spectroscopy of E- and N-Cadherin Interactions usingMicrospheres
Arrayed on AFM Cantilevers
Chawin Ounkomol, Soichiro Yamada, Volkmar Heinrich.
University of California, Davis, Davis, CA, USA.
E- and N-cadherins are homophilic adhesion proteins that mediate vital func-
tions like cell-cell contacts, tissue formation, and cell motility. They are also
linked to pathological processes like cancer-cell propagation: the increase of
cancer-cell motility during the epithelial-mesenchymal transition at the onset
of metastasis has been attributed in part to a switch from E- to N-cadherin ex-
pression. The dynamic strengths of E- and N-cadherin homophilic (E:E, N:N)
and heterophilic (E:N) bonds are thought to play a key role in this process. To
redress conflicting literature reports, we here examine the E- and N-cadherin
binding strengths using a novel, custom-designed force probe that integrates
a horizontal atomic force microscope (AFM) with micropipette manipulation.
Unlike past studies, we test E- and N-cadherin proteins from the same (human)
species to eliminate uncertainties stemming from interspecies cadherin pairing.
Moreover, by assembling arrays of cadherin and control beads onto the same
probe cantilevers, we are able to compare the strengths of all combinations
of interactions (E:E, N:N, E:N, and controls) more directly than previously pos-
sible. Using this unique approach, we establish that E:E cadherin bonds are sig-
nificantly stronger than N:N cadherins bonds for all tested force-loading rates,
with heterophilic E:N cadherin bonds possessing an intermediate strength.
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High Permeability Silicone-Based Magnetic Microspheres for Microscale
Force Spectroscopy
Benjamin A. Evans, Daniel Glass, Alison Deatsch.
Elon University, Elon, NC, USA.
A wide variety of magnetic microspheres are currently available for applica-
tions such as cell sorting, chemical separations, or microscale force spectros-
copy. The smallest spheres (10 nm - 500 nm) generally consist of solid iron-
oxide nanoparticles synthesized via the coprecipitation of iron salts, while
many larger products (2 mm - 100 mm) consist of polymer microspheres which
are subsequently saturated with magnetic nanoparticles. However, the latter
process may result in incomplete saturation and therefore diminishing magnetic
concentration as sphere diameter increases. In addition, a lack of confluence be-
tween these two methods of production has resulted in a dearth of products in
the 0.5 - 2 mm range. We present here a bottom-up approach to magnetic mi-
crosphere fabrication which allows us to scale the diameter of our microspheres
between 0.2 - 100 microns while maintaining a constant magnetic content
throughout. In this approach, we use a novel magnetic silicone consisting of
magnetite nanoparticles complexed with a monolayer of poly(dimethyl
siloxane-co-aminopropylmethyl siloxane). The magnetic content of the com-
posite may be tuned from 0 - 50% wt. without nanoparticle aggregation, result-
ing in a highly magnetic silicone fluid which is homogenous at scales below
100 nm. We demonstrate the production of microspheres of this material by
an emulsion process in which microsphere diameter may be tuned by careful
selection of surfactant type and concentration. Finally, we show that the result-
ing spheres compare favorably with leading commercial competitors in terms
of magnetic force application.
867-Pos Board B653
Rupture Force of Single Small Drug Molecule Binding a Split Aptamer
Nguyen Thi Huong1,2, Lorenz Steinbock1, Hans-Ju¨rgen Butt1, Mark Helm2,
Ru¨diger Berger1.
1Max-Planck Institute for Polymer Reseach, Mainz, Germany,
2Johannes Gutenberg University Mainz, Mainz, Germany.
Aptamers are specific oligonucleotides (DNA or RNA) which bind small inor-
ganic or organic molecules, large proteins or cells. In particular, the high affin-
ity of aptamers is expected to lead to a new class of therapeutic reagents. Thus
the detection and characterization of binding strength of small molecules is im-
portant for drug and medical research. Atomic force spectroscopy (AFS) with
a force resolution in the piconewton range is a valuable tool for studying inter-
actions on a single molecular level. The detection of very small target mole-
cules less than 500 Dalton is characterized by only a few hydrogen
interactions between the aptamer and the target molecules. Thus tiny rupture
forces well below 100 pN are predictable. For AFS the target molecules as
well as the aptamer probes are typically immobilized on the AFM-tip or sample
surface, respectively. This concept suffers from the need to chemically manip-
ulate or label the target analyte by binding sites that interact with surfaces. We
solved this problem by using a split aptamer probe. Both components of the ap-
tamer were immobilized on the SFM-tip and sample surface, respectively. Dur-
ing the AFS experiment the split aptamers form defined binding pockets for the
free analyte. The concept of using a split aptamer allowed the detection of the
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found an increase in rupture force of 11 pN in the presence of AMP molecules
in both binding pockets. The route to use a split aptamer probes in AFS enables
us to determine precisely the dissociation constant of the AMP-aptamer system
(3.75 1.5 mM) by increasing the AMP concentration in solution. The concept
of a split aptamer binding single small target also worked for the cocaine and
antibiotics molecules.
868-Pos Board B654
Complete Characterization of theMechanochemical Cycle of aHomomeric
Ring ATPase
Shixin Liu1, Gheorghe Chistol1, Craig L. Hetherington1, Jeffrey R. Moffitt2,
Shelley Grimes3, Paul J. Jardine3, Carlos Bustamante1,4.
1University of California, Berkeley, CA, USA.2Harvard University,
Cambridge, MA, USA.3University of Minnesota, Minneapolis, MN,
USA.4Howard Hughes Medical Institute, Berkeley, CA, USA.
Understanding howmultimeric ringATPases couple chemical transitions tome-
chanical motion and coordinate their subunits is essential for elucidating the
functions of these important molecular machines. Here we used high-
resolution optical tweezers to study one such ATPase - the bacteriophage
phi29 DNA packaging motor. This pentameric motor is known to translocate
DNAby cycling through a dwell phase, in which subunits loadATPs, and a burst
phase, in which 10 base pairs of DNA are packaged in four 2.5-base-pair steps.
By monitoring packaging in buffers containing various nucleotides and nucleo-
tide analogs, we determined the exact timing of chemical transitions (nucleotide
hydrolysis and product release) with respect to themechanical phases of themo-
tor’s cycle. Our results reveal an intricate coordinationmechanismwithmultiple
levels of communication between neighboring subunits. ADP release and ATP
binding occur in a concerted alternating fashion, with ATP binding to one sub-
unit facilitating the release of ADP in the following subunit. ATP hydrolysis also
appears to occur sequentially around the ring through an intersubunit allosteric
effect. Moreover, our data suggest that all five subunits of the ring bind and hy-
drolyze ATP. Only four out of the five hydrolysis events are coupled to DNA
translocation, while the fifth subunit consumes ATP to fulfill a regulatory
role, resetting the motor for the next mechanochemical cycle. The phi29 motor
is able to tolerate a single inactive subunit and still function, albeit at a much
slower pace. These new findings allow us to present the most complete mecha-
nochemical model of a homomeric ring ATPase to date, which should provide
insight into the operating principles of other ring-shaped ATPases.
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Direct Observation of Helix Staggering, Sliding, and Coiled Coil
Misfolding
Yongli Zhang, Zhiqun Xi, Ying Gao, George Sirinakis, Honglian Guo.
Department of Cell Biology, Yale University, New Haven, CT, USA.
The biological functions of coiled coils generally depend on efficient folding
and perfect pairing of their a-helices. Dynamic changes in the helical registry
that lead to staggered helices have only been proposed for a few special sys-
tems and not found in generic coiled coils. Here, we report our observations of
multiple staggered helical structures of two canonical coiled coils. The par-
tially folded structures are formed predominantly by coiled coil misfolding
and occasionally by helix sliding. Using high-resolution optical tweezers,
we characterized their energies and transition kinetics at a single-molecule
level. The staggered states occur less than 2% of the time and about 0.1%
of the time at zero force. We conclude that dynamic changes in helical regis-
try may be a general property of coiled coils. Our findings should have broad
and novel implications in functions and dysfunctions of proteins containing
coiled coils.
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Differential Mechanical Stability of Filamin a Rod Segments and Domain
Pair Interaction
Hu Chen1, Xiaoying Zhu1, Yejun Wang1, Michael Sheetz1,2,
Fumihiko Nakamura3, Jie Yan1.
1National University of Singapore, Singapore, Singapore,
2Columbia University, New York, NY, USA, 3Harvard Medical School,
Boston, MA, USA.
Filamin A (FLNa), an actin cross-linking protein, consists of two subunits
that dimerize through C-terminal self-association domain. Each subunit
contains an N-terminal spectrin-related actin-binding domain followed by 24
immunoglobulin-like (Ig) repeats. Two flexible hinges separate the 24 Ig repeats
into rod 1 (repeats 1-15), rod 2 (repeats 16-23), and self-association domain 24.
Rod 1 is like a linear array of Ig repeats, whereas rod 2 is more compact due to
inter-domain interactions. FLNa not only support the tension of actin networkbut also interact with many transmembrane and signaling proteins mostly in
the rod 2 segment.
Prompted by recent reports suggesting that interaction of FLNa with its binding
partners is regulated by mechanical force, we examined mechanical properties
of FLNa domains by magnetic tweezers. The three segments of Ig 1-8, Ig 9-15,
Ig 16-23 are unfolded at different forces under the same loading rate. Remark-
ably, we found that repeats 16-23 are susceptible to ~10 pN force, while the re-
peats in the rod 1 segment can withstand significantly higher forces. In rod 2,
nearest neighboring domains 16-17, 18-19, and 20-21 form domain pairs. Cryp-
tic binding sites in rod 2 can be blocked by inter-domain interactions. For ex-
ample, A strand of domain 20 blocks the binding site of b-integrin tail on
domain 21. If force can unpeel strand A of domain 20 from domain 21, the
binding site of b-integrin tail will be exposed, and the binding will be facilitated
by the force. This is just one kind of proposed mechanism of force sensor. The
specific domain pair interaction between 20 and 21 was studied by magnetic
tweezers. Preliminary data shows that the disruption of the domain pair inter-
action between domain 20 and 21 occurs at ~15 pN.
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Temperature, Length Scale and Surface Dependence of Single Polymer
Hydrophobic Hydration
Isaac T.S. Li, Gilbert C. Walker.
University of Toronto, Toronto, ON, Canada.
Hydrophobic interaction governs self-assembly in many natural and synthetic
molecular systems.A signature of hydrophobicity is the temperature dependence
of hydration free energy that varies with solute size. We report the first experi-
mental evaluation of such signature in a single hydrophobic polymer, which tests
key assumptions in models of hydrophobic interactions in protein folding. The
hydration free energy required to extend three hydrophobic polymerswith differ-
ently sized aromatic side chains was directly
measured by single molecule force spectros-
copy. The results showed that the hydration
free energy per monomer is strongly dependent
on temperature, and the temperature dependence
profiles are distinct among the three hydrophobic
polymers as a result of a hydrophobic size effect
at the subnanometer scale. In addition, we will
how surfaces with different hydrophobicity in-
fluence the hydration free energy and conforma-
tion of hydrophobic polymers adsorbed on it,
which serves as a model to study the behaviour
of surface adsorbed proteins.872-Pos Board B658
Scaffold Protein Tethering Ability under Load: FAK’s FERM Domain
Mechanical Properties V. Binding Site
Steven Kreuzer, Talal Al Otaibi, Tess J. Moon.
University of Texas at Austin, Austin, TX, USA.
Mechanotransductive scaffolding proteins are tethered and thus subjected tome-
chanical loads that potentially induce partial or total unfolding. Focal adhesion
kinase (FAK) is regulated by mechanical stimulation through extracellular ma-
trix (ECM) proteins and actin cytoskeleton contractility. FAK is composed of
three major domains: two of which putatively perform tethering (the FERM
and FAT domains) while the central kinase domain is catalytically active in
a wide variety of cell motility/invasion pathways upon activation. The so-
called ‘‘basic patch’’ is the ligand-binding site on FERM’s F2 subdomain, which
is connected, via an unstructured loop, directly to FERM’s F3 subdomain and
distally to the kinase. As a mechanically competent tether, the FERM domain
must carry loads between the basic patch and the F3 subdomain’s C-terminal.
A key question is whether these subdomains lose their tertiary structure under
load_and therefore unwrap into a ‘‘beads on a string’’ configuration_and, if so,
what consequences this has for ligand-binding subdomain stability. Towards
an understanding of the FERMdomain’s ability to tether amechanically compe-
tent FAK (pdb: 2al6), FERM’s unfolding pathways are studied via Steered Mo-
lecular Dynamics (SMD). SMD simulations of the unfolding process reveal
force peaks, extended conformations of intermediate states, and intra-
molecular load pathways. Loads are applied to FERM’s C-terminal and a set
of residues in the basic patch known to bind to both phospholipids and phospho-
peptides. By differentially applying loads to the basic patch’s secondary struc-
tures, unfolding behavior, including both force levels and intermediate states,
is revealed. Pulling-mode simulations_mimicking AFM_identify unfolding in-
termediate states; constant-force-mode simulations probe the structural behavior
of identified intermediates. Given the diversity of ligands known to bind to the
basic patch, mechanical behavior as a function of binding-site secondary struc-
ture is crucial for understanding mechanotransduction.
